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Abstract
A Cooper pair insulator (CPI) phase emerges near the superconductor-insulator tran-
sitions of a number of strongly-disordered thin film systems. Much recent study has
focused on a mechanism driving the underlying Cooper pair localization. We present
data showing that a CPI phase develops in amorphous Pb0.9Bi0.1 films deposited onto
nano-porous anodized aluminum oxide surfaces just as it has been shown to develop
for a-Bi films. This result confirms the assertion that the CPI phase emerges due to the
structure of the substrate. It supports the picture that nanoscale film thickness varia-
tions induced by the substrate drive the localization. Moreover, it implies that the CPI
phase can be induced in any superconducting material that can be deposited onto this
surface.
Keywords: Cooper pair insulator, superconducting islands, Little-Parks oscillations,
superconductor-insulator transition, nanoscale patterning, thin film.
An insulating phase exhibiting a number of curious transport properties that can
be attributed to the presence of localized Cooper pairs (CPs) appears in several highly-
disordered thin film systems near their superconductor-insulator transitions (SITs)[1, 2,
3, 4, 5, 6, 7]. The hallmark of this CP insulator (CPI) phase is a giant magnetoresistance
(MR) peak that appears at temperatures below 1K in perpendicular magnetic fields. CP
insulators also exhibit thermally activated transport at the lowest temperatures and reen-
trant dips in theirR(T ). The qualitative resemblance of these behaviors to those exhib-
ited by insulating arrays of weakly coupled superconducting islands [8, 9, 10] has led
to the general belief that these phenomena result from transport by incoherent Cooper
Pair tunneling between localized states that becomes more incoherent in magnetic field.
Magnetotransport studies of amorphous Bi (a-Bi) films patterned with a nanohoney-
comb (NHC) array of holes tended to confirm this picture[6, 11]. Those experiments
showed similar MR peaks and thermally activated resistances. Most significantly, they
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revealed that the thermal activation energy oscillates with a period dictated by the
Cooper pair or superconducting flux quantum[6, 12]. Thus, multiple theoretical models
presume that weakly coupled islands of Cooper Pairs exist in the CPI phase[13, 14, 15].
Results of calculations based on these models are consistent with the presence of CP is-
lands in the films and show similarities to models of weakly-disordered Josephson junc-
tion arrays[10]. Also, recent scanning tunneling spectroscopy experiments in TiN[4]
and In oxide (InOx)[1, 2, 3] films revealed nanoscale superconducting inhomogeneities
that are likely precursors to island formation[16]. The origin of these islands, however,
has not been established[17].
With the establishment of the CPI phase, more attention focuses on how the lo-
calized Cooper pair islands form. Quantum Monte Carlo calculations suggest that
very strong uniform electronic disorder induces their appearance[18, 16]. Recently,
nanoscale film thickness inhomogeneities have been argued to induce the CPI phase
observed in NHC a-Bi films[19, 20]. This latter work provides a model for how the
CPI state forms in NHC films that relies on the substrate topography and not on the
elements in the evaporated film. We tested this model by looking for CPI behavior in
another film system grown in the same way, a-Pb0.9Bi0.1 (a-PbBi) NHC films.
The driver of CP localization in NHC films appears to be spatial variations in their
thickness. These variations are inferred from analysis of AFM topographs of the an-
odized aluminum oxide (AAO) substrates used as templates for the NHC films. The
topographs revealed regular, nanoscale height variations[19]. Since the local deposi-
tion thickness depends on the local slope of the substrate, these height variations lead
to film thickness variations. Analysis of data from multiple substrates indicates that
close to the thickness-driven SIT, the thickest film regions form islands that can sup-
port Cooper pairing. At the SIT, these islands become linked by regions that are just
thick enough for pairing. This model predicts that materials other than Bi exhibit a
CPI phase provided they grow similarly. Here we present a test of that prediction using
PbBi.
We present data that show that this new a-PbBi NHC film system exhibits all the
characteristics of the CPI state, including simply activated insulators, reentrance in
films near the thickness-driven SIT (d-SIT), and a giant MR peak in films near the SIT.
Additionally, we report the temperature and disorder dependence of Hpeak and Rpeak,
and the field dependence of the activation energy, T0, and prefactor,R0, for these films.
The results imply that a CPI phase can be induced in any elemental superconductor by
this method. Consequently, previously fixed properties of Cooper pair insulators, such
as the pairing strength, can now be varied by choosing different materials.
Amorphous PbBi NHC films were grown using the same methods as for previously
studied a-Bi NHC films. PbBi was thermally evaporated onto a substrate of anodized
aluminum oxide (AAO) held at 8K on the mixing chamber stage of a dilution refrig-
erator. The substrate was pre-coated with a 10nm Ge underlayer and Au/Ge contact
pads at room temperature. A 1nm layer of Sb was quench condensed onto the prepared
substrate before subsequent layers of PbBi to ensure amorphous film growth[21]. Film
thicknesses were measured with a calibrated quartz crystal monitor. The resulting films
acquire the NHC geometry of the underlying AAO substrate, and also develop thick-
ness variations due to the changing local slope of the AAO (see ref. [19]). The holes
form a roughly triangular array with an average hole radius of 17±9nm and spacing of
2
85±30nm (see Fig. 1 inset). Film sheet resistances, R◻, were measured using standard
four-point AC and DC techniques in the linear response regime on a (1mm)2 area of
film.
The transport characteristics of a-PbBi NHC films shown in Figs. 1 and 2 are very
similar to those of a-Bi NHC films[6, 11]. Fig. 1a shows a series of films traversing
the thickness-driven SIT on an Arrhenius scale, where the thinner films are insulators
(defined by dR/dT < 0 at the lowest T ) and the thickest film is a superconductor.
Insulating films are simply activated at low temperatures with R = R0eT0/T . The
activation energy, T0, decreases linearly to zero with increasing thickness (Fig. 1c).
The extrapolation to T0 = 0 marks the critical thickness for the SIT. The critical normal
state (T =8K) sheet resistance RN,c is close to 18kΩ. Finally, the linearly increasing
normal state conductance GN = 1/RN with film thickness (Fig. 1b) verifies that the
film growth is amorphous[22, 23].
The reentrance feature that develops in the R(T ) near the d-SIT appears more
clearly on a linear temperature scale, as in Fig. 2a. This feature implies the presence of
localized Cooper pairs in the insulating films, which is confirmed by the observation of
Little-Parks-like MR oscillations at low fields (Fig. 2b, inset)[6]. With an incremental
increase in thickness, the last reentrant film gives way to a superconducting film with a
very broad transition region and a remarkably high Tc (≈ 1K).
Most importantly for the identification of the CPI phase, the films near the SIT
exhibit the giant MR peak that has become its signature (Fig. 2b). Even at the rela-
tively high temperature of 300mK, the resistance of film 5 grows to more than half a
megaohm atHpeak ≃ 2.6T, which is more than 5 times its zero-field value. The position
of the MR peak, Hpeak, shifts to lower fields with decreasing thickness (Figs. 2b), as
also previously observed in a-Bi NHC films[11]. The insulators become more strongly
activated in field up to H = Hpeak and then weaken beyond Hpeak (Fig. 3a). Because
of this temperature dependence, the giant MR peak and oscillations grow dramatically
with decreasing temperature, as shown in Fig. 3d. These features are mirrored in the
field-dependence of the activation energy, T0(H), while the prefactor, R0, increases
monotonically with field. (Fig. 3b and c). At the highest fields, fits to activated behav-
ior begin to fail as weakly localized insulating behavior, 1/R(T ) = G(T ) ∝ ln(T ),
emerges, as shown in Fig. 4. These observations are all consistent with those for the
CPI phase previously reported for a-Bi NHC films.
The appearance of this CPI phase in a-PbBi films can be attributed to the properties
of the AAO substrate. Like a-Bi films, a-PbBi films on nominally flat, unpatterned fire-
polished glass subtrates do not show signs of a localized Cooper pair phase. Thus, the
present results strongly suggest that the Cooper pair insulator phase can be induced in
other amorphous film systems by depositing them on AAO. Moreover, they provide ad-
ditional support for the model that the nanoscale height variations on the surface of the
AAO substrate induce film thickness variations that drive the Cooper pair localization.
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Figure 1: a) Sheet resistance dependence on temperature shown on an Arrhenius scale for a series of amor-
phous Pb0.9Bi0.1 films deposited on the NHC substrate shown in the inset (scale bar is 200nm) Film thick-
nesses from top to bottom are 0.36, 0.37, 0.375, 0.385, 0.395, 0.4, 0.405, and 0.413 ± 0.01 nm. b) The
normal state sheet conductance, GN◻(8K) = 1/RN◻(8K), normalized by the quantum of conductance
G00 = 81kΩ is linear with thickness, indicating amorphous film growth. c) The activation energy, T0, ob-
tained by fits to R(T ) ∝ R0eT0/T in (a), decreases nearly linearly with thickness, crossing T0 = 0 at the
SIT.
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Figure 2: a) Sheet resistance dependence on temperature for the same series of films as Fig. 1a, but shown
here on a linear temperature scale. b) Magnetoresistance for a field applied perpendicularly to the plane
of the film at 300mK for films 5 and 6 of (a). Inset: a magnified view of the low-field region showing
the magnetoresistance oscillations. The x-axis is labeled in units f = H/HM where HM corresponds to a
magnetic flux density of one flux quantum per hole.
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Figure 3: a) Sheet resistance dependence on temperature film 5 at perpendicularly applied magnetic fields of
0, 0.22 (HM), 0.44 (2HM), 0.66 (3HM), 1.00, 2.00, 2.70T (≃ Hpeak) (from bottom to top). Dashed lines
are fits to activated behavior. b) Activation energy T0 and c) prefactor R0 dependence on magnetic field. d)
Magnetoresistance of film 5 of Fig. 1a (and Fig. 2a) at 300, 500 and 700mK.
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Figure 4: Normalized sheet conductance (G00 = 81kΩ) of film 5 versus temperature for a series of perpen-
dicularly applied magnetic fields with values: 0, 0.22 (HM), 0.44 (2HM), 0.66 (3HM), 1, 2, 2.7 (≃ Hpeak,
dashed black line), 3, 4, 5, 6, 7, and 7.6T.
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